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Abstract
Photosynthesis uses light as a source of energy but its excess can result in production of harmful oxygen radicals. To avoid
any resulting damage, phototrophic organisms can employ a process known as non-photochemical quenching (NPQ),
where excess light energy is safely dissipated as heat. The mechanism(s) of NPQ vary among different phototrophs. Here, we
describe a new type of NPQ in the organism Rhodomonas salina, an alga belonging to the cryptophytes, part of the
chromalveolate supergroup. Cryptophytes are exceptional among photosynthetic chromalveolates as they use both
chlorophyll a/c proteins and phycobiliproteins for light harvesting. All our data demonstrates that NPQ in cryptophytes
differs significantly from other chromalveolates – e.g. diatoms and it is also unique in comparison to NPQ in green algae and
in higher plants: (1) there is no light induced xanthophyll cycle; (2) NPQ resembles the fast and flexible energetic quenching
(qE) of higher plants, including its fast recovery; (3) a direct antennae protonation is involved in NPQ, similar to that found in
higher plants. Further, fluorescence spectroscopy and biochemical characterization of isolated photosynthetic complexes
suggest that NPQ in R. salina occurs in the chlorophyll a/c antennae but not in phycobiliproteins. All these results
demonstrate that NPQ in cryptophytes represents a novel class of effective and flexible non-photochemical quenching.
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Introduction
Photosynthetic organisms are often exposed to varying envi-
ronmental conditions, such as excessive irradiation. Over-excita-
tion by surfeit light can produce harmful reactive oxygen
intermediates detrimental to pigments, proteins and lipids [1,2].
Several protective mechanisms can be stimulated when light
absorption exceeds its utilisation in photosynthesis. One of these,
non-photochemical quenching (NPQ), is a feed-back regulatory
mechanism in which excessive light irradiation is dissipated as heat
(reviewed in [3,4]). As the process of NPQ involves the de-
excitation of chlorophyll molecules from their exited states, NPQ is
usually detected indirectly by analysing chlorophyll fluorescence
[5], rather than directly by monitoring heat emissions [6].
Mechanism of NPQ is best characterized in higher plants [3,7].
The process of energy dissipation in NPQ is triggered by low pH
in the thylakoid lumen and modulated by several factors including
zeaxanthin [8] and the PsbS protein [9,10]. The search for the
molecular photophysical mechanism of NPQ remains unresolved
as several quenching mechanism have been already suggested
including quenching by lutein [11], chlorophyll to zeaxanthin
charge transfer quenching [12], by chlorophyll pairs [13] or
quenching by excitonic carotenoid–chlorophyll states [14]. The
understanding of NPQ is complex as several processes, each with
different kinetics, are involved. On the beginning, the fast
energetic quenching (qE) is triggered by lumen acidification, that
is further stimulated under prolonged irradiation by zeaxanthin
[15]. Long-term exposition (hours and days) to excessive
irradiation then finally results in photoinhibitory quenching - qI
which exact mechanism is still matter of debate [4,16].
Although mainly documented in plants, NPQ has also been
studied in several oxygenic phototrophs; mosses, algae and
cyanobacteria. The basic principle of NPQ, the safe dissipation
of excessive light irradiation as heat, is identical across all
organisms; however, crucial differences exist in its regulation and
structural mechanisms. For example, NPQ in diatoms [17] is
located in fucoxanthin–chlorophyll a/c antennae [18,19], that are
non-homologous to chlorophyll a/b antennae of higher plants. In
addition to the structure differences, these two antennae also differ
in their sensitivity to protonation, as only chlorophyll a/b antennae
are able to be reversibly protonated [20,21] but such a effect is
questionable in diatoms [17,22]. On the regulatory level, PsbS is
known to be active in NPQ of higher plants, but not in diatoms
[23,24] or green algae [25]. Instead another group of light-
harvesting proteins from the LHCSR (formerly LI818) family,
which are missing in higher plants [25] are involved in NPQ in
green algae and in diatoms [26,27]. Additional differences exist also
in the ability of transthylakoid DpH to trigger NPQ; the capacity of
DpH to induce quenching is decreased in some green algae when
compared to higher plants [28]. There are also different
xanthophyll cycles, a violaxanthin cycle found in green algae [29]
and a diadinoxanthin cycle in diatoms [30]. Furthermore, in
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by the OCP protein, operates in the phycobilisomes [31].
Compared to higher plants, the understanding of NPQ in various
algal groups is still much more fragmented or missing completely.
This is especially true for chromalveolate algae involving diatoms,
brown algae and cryptophytes [32]. The chromalveolate group is
thought to have originatedfrom a secondary endosymbiosis, when a
chimeric organism was formed from two eukaryotic cells, a non-
photosynthetic host and a photosynthetic endosymbiont of red algal
origin [33]. Cryptophytes are exceptional among photosynthetic
chromalveolates [32] as they are the only phototrophs to use for
light harvesting both membrane-bound chlorophyll a/c proteins
and phycobiliproteins that are firmly embedded in the thylakoid
lumen [34]. Thus cryptophytes represent a unique evolutionary
intermediate between ancestor of all chromalveolates - red algae,
which contain phyobiliproteins but lack chlorophyll c, and diatoms,
that have diversified more ‘‘recently’’ from their red algae ancestor
and which contain chlorophyll c but not phycobiliproteins [23].
Moreover, the light harvesting antennae found in the cryptophytic
thylakoid membrane are formed by unique chlorophyll a/c proteins
known as CAC antennae [35]. These proteins are distinct from
chlorophyll a/b binding antennae of green algae and higher plants
and also from chlorophyll c antennae of chromalveolates; this
includes the peridinin-chlorophyll proteins ofdinoflagellatesandthe
fucoxanthin-chlorophyll proteins of diatoms [36,37].
For chromalveolate algae, diatoms are almost the only model
organism used for intensive studding of NPQ mechanism [38]. It
has been already found that NPQ in diatoms is a pH-dependent
process closely associated with the diadinoxanthin cycle [17],
localised at either the fucoxanthin-chlorophyll proteins [19] or the
PSII reaction centre [39]. Diatoms aside, few publications exist on
NPQ activity in chromalveolates, these are limited to studies on
brown algae [40], the recently discovered apicomplexan Chromera
velia [41] and the all chromalveolate ancestor, red algae [42,43].
The mechanism of NPQ in red algae is still rather enigmatic, we
onlyknow that non-photochemical quenching offluorescenceinred
algae is a pH-dependent process, precise NPQ locus is not known
[42,43]. A possible role of energy dissipation in PSII reaction centre
[43] and physical phycobilisome decoupling [44] have been already
discussed as possible energy dissipation pathways.
Even less we know about protective mechanisms in cryptophytes.
It has been shown that none of the usual xanthophyll cycle pigments
(e.g. zeaxanthin, diadinoxanthin, diatoxanthin) are present at
detectable level during stimulation of NPQ in Guillardia Theta [45].
Here we describe NPQ mechanism in the cryptophytic algae
representative, Rhodomonas salina in all its details that allowed us to
compare itwiththesame processindiatomsandinhigherplants.All
our results have demonstrated that NPQ in cryptophytes represents
a novel class of effective non-photochemical quenching. We have
showed that the process of NPQ in cryptophytes is not accompanied
by the cycling of xanthophyll pigments in line with previous results
and moreover its kinetics resembles the rapid and reversible
energetic quenching (qE) found in higher plants. The similarity of
NPQ in cryptophytes with qE of plants was further confirmed with
isolated antennae complexes, that showed involvement of their
protonation in the cryptophytic NPQ process. Therefore, NPQ in
cryptophytes is localised to the membrane-bound CAC protein that
can be triggered to quenching mode by lumen acidification.
Materials and Methods
Cell growth and sample treatment
The cryptophyte alga Rhodomonas salina (strain CCAP 978/27)
was grown in an artificial seawater medium with f/2 nutrient
addition. The cell suspension was bubbled with air in the
temperature controlled bath (t=18uC) and illuminated by
dimmable fluorescence tubes with intensity 30 mmol m
22 s
21
(day-night cycle 12/12 hours) [46]. For high light treatment the
cell suspension was exposed for 75 minutes to white light emitting
diode array with intensity 1000 mmol m
22 s
21.
Measurements of variable fluorescence
Variable chlorophyll a fluorescence was measured by kinetic
modulated fluorometer FL-3000 (Photon System Instrument,
Brno, Czech Republic). Chlorophyll a fluorescence was detected
in the spectral range 690–710 nm. Samples were dark adapted for
20 minutes before applying low intensity measuring light
(2 mmol m
22 s
21, 622 nm) for the detection of intrinsic fluores-
cence of the dark adapted sample (F0). Maximal fluorescence for
the dark (FM) and light adapted sample (FM9) has been measured
during 200 ms multiple turnover actinic flashes. The light
dependency curves of the photochemical efficiency (the ‘‘Genty
parameter’’ calculated as wPSII=(F M9-Ft)/FM9)) and of non-
photochemical quenching (calculated as NPQ=(FM-FM9)/FM))
were measured with fresh sample for each intensity of the actinic
light.
Kinetic spectroscopy
The kinetic changes in the whole fluorescence spectrum were
measured with millisecond time resolution using the spectrometer
SM-9000 (Photon System Instrument, Brno, Czech Republic) with
absolutewavelengthaccuracyof0.8 nm;relativeresolutionreflecting
FWHM Dl=3 nm [47]; the dark current of the instrument was
automatically subtracted before measurements. Samples were dark
adapted for 20 minutes before measurements, the spectrum of
maximal fluorescence in the dark FM(l) has been detected 150 ms
after triggering the blue (466 nm, 1100 mmol m
22 s
21) or green
(520 nm, 500 mmol m
22 s
21) saturating flashes of 200 ms duration.
Later, the blue or green actinic (500 mmol m
22 s
21) lights were
applied by the FL-100 fluorometer (Photon System Instrument,
Brno, Czech Republic) to induce the non-photochemical quenching.
The spectra of maximal fluorescence in the light FM9(l) were
detected after 2 minutes of actinic irradiation. The spectrally
resolved NPQ(l) was calculated using the Stern-Volmer formalisms
as NPQ(l)=[F M(l)-FM9(l)]/[FM(l)] for every wavelength.
Measurement of photosynthetic rates
Photosynthetic carbon fixation (Pg) was determined by incor-
poration of radioactive H
14CO3
2 and analyzed as described in
[48]. The samples were incubated with the
14C isotope in the
laboratory-built photosynthetron for 40 min at 18uC. The total
dissolved CO2 in the media was determined by alkalinity titrations.
Photosynthetic rate was normalized to chlorophyll a content
determined from absorbance of a methanol extract.
Determination of photosynthetic pigments by HPLC
The aliquots of algal suspension were collected on GF/F filters
(Whatman, England), soaked overnight at 220uC in 100%
methanol and subsequently disrupted using mechanical tissue
grinder. Samples were kept in cold and darkness to minimize
pigment degradation. Filter and cell debris were removed by
centrifugation (12000 g, 15 min) and the extract was injected into
the Agilent 1200 HPLC system equipped with the DAD detector.
Pigments were separated on the Luna 3 m C8 column
(10064.60 mm; Phenomenex) at 35uC using a linear gradient
from 0.028 M ammonium acetate/methanol (20/80) to 100%
methanol and with a flow rate set to 0.8 mL/min. Eluted pigments
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retention times.
pH dependent quenching in isolated antennae proteins
To isolate native protein complexes ,0.5 L of R. salina cell
suspension in exponential growth phase was harvested and
resuspended in a thylakoid buffer containing 25 mM Mes/NaOH,
pH 6.5, 10 mM CaCl2, 10 mM MgCl2 and 5% glycerol. Cells
were broken using EmulsiFlex C-5 (Avestin Inc., Canada) using
two cycles with maximal pressure 150 MPa. Membranes were
pelleted by 40 000 g, 20 min, washed once in the thylakoid buffer
and resuspended in the same buffer at concentration ,0.5 mg
chlorophyll/mL. Membrane proteins were solubilised with dode-
cyl-b-maltoside (dodecyl-b-maltoside/chlorophyll=20, w/w).
CAC oligomers and supercomplexes of CAC protein and
photosystems were isolated by ultracentrifugation (20 h,
75 000 g) in 15%–25% gradient of sucrose in the thylakoid buffer
containing 80 mM dodecyl-b-maltoside.
The chlorophyll a fluorescence quenching on isolated CAC
proteins were analyzed by FL 100 (Photon System Instrument,
Brno, Czech Republic) at 150 mmol m
22 s
21 with continual
stirring. Purified proteins were diluted by 20 mM HEPES (pH 8.0,
5 mM MgCl2, 5 mM CaCl2, 0.1 M NaCl, 10% glycerol) to reach
,8 mM concentration of dodecyl-b-maltoside in the sample.
Then, pH was decreased to 5.5 by titration of 5% HCl to induce
quenching, that was finally recovered by addition of N,N9-
dicyclohexyl-carbodiimide (DCCD), final concentration 200 mM.
Analysis of protein complexes by 2D electrophoresis
Solubilised membrane proteins were prepared from ,100 mL
of cells as described above just using the thylakoids with 25% of
glycerol. Protein complexes were analysed by clear-native
electrophoresis (CN-PAGE) according to [49]. 4–12% gradient
polyacrylamide gel was run using Hoefer miniVE system at 4uCi n
a cathode buffer containing 0.25 mM Tricine, 7.5 mM Bis-Tris/
HCl, pH 7.0, 0.05% sodium deoxycholate, 0.02% dodecyl-b-
maltoside and with an anode buffer containing 0.25 mM Bis-Tris/
HCl, pH 7.0. Resulting gel was scanned in true colors by Canon
CanoScan 8800F scanner. For spectroscopic analysis of photo-
synthetic complexes separated by CN-PAGE ‘green’ bands were
cut out from the gel and their absorbance detected at room
temperature by UV 3000 spectrophotometer (Shimadzu, Kyoto,
Japan) with spectral bandwidth 1 nm. Fluorescence emission
spectra were detected at room temperature by Aminco Bowman
Series 2 spectrofluorometer (Thermo Fisher Scientific, USA) with
1 nm spectral bandwidth.
Toseparateprotein complexesintheseconddimensiona gel strip
from the CN-PAGE was incubated for 30 min in 25 mM Tris/
HCl, pH 7.5 containing 2% SDS (w/v) and placed on top of the
denaturing 12–20% linear gradient polyacrylamide gel containing
7 M urea [50]. Protein spots were stained by Coomassie Blue.
Results
The non-photochemical quenching in R. salina exhibits
fast induction and reversibility
In order to elucidate the basic characteristics of NPQ in R. salina
we measured chlorophyll a fluorescence quenching analysis by
using orange actinic light preferentially absorbed by the
chlorophyll a/c antennae (Figure 1). As it is evident from the
decrease in FM9 (Figure 1) irradiation induced rapid quenching of
maximal fluorescence during the first minute of irradiation. The
calculated photochemical efficiency in the light wPSII was around
0.1 (see legend in Figure 1) suggesting the majority of quenching
was caused by stimulation of non-photochemical processes and
only a minor fraction of the actinic irradiance was used in PSII
photochemistry. The recovery kinetics of FM9 (Figure 1) show
NPQ is rapidly reversed in the dark resembling the typical
recovery kinetics of energetic quenching (qE) as described for other
organisms [4].
Figure 1. Chlorophyll a fluorescence quenching in R. salina. Cells were dark adapted for 20 minutes before and after irradiation. NPQ was
induced by 100 s of orange actinic light (622 nm, 600 mmol m
22 s
21; white bar). Fluorescence induction curve (black line) represents a typical curve.
The extent of NPQ (grey symbols, top part of the figure) was calculated as quenching of maximal fluorescence (FM9-FM)/FM9 for every saturating flash
(n=3); the maximal fluorescence measured after light period (FM0) reflects a fast recovery part of the FM quenching. The value of maximal PSII
efficiency calculated in dark (FV/FM) and on light (Genty parameter - wPSII) was 0.79 and 0.1 respectively.
doi:10.1371/journal.pone.0029700.g001
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only by irradiancies above ,150 mmol m
22 s
21 (Figure 2), lower
irradiances were efficiently utilized in photosynthesis as indicated
by the high efficiency of PSII photochemistry (wPSII between 0.75
to 0.55; Figure 2). The (wPSII up to ,150 mmol m
22 s
21 was very
close to the maximal PSII photochemistry observed in the dark
(FV/FM typically ,0.79, see legend to Figure 1). The utilization of
light in photosynthesis was also determined from
14C incorpora-
tion at different irradiancies and fitted to obtain photosynthetic
parameters (see Figure S1). The maximal efficiency of photosyn-
thesis (a) and maximal photosynthetic capacity (Pg max)i nR. salina
cells were estimated to be 0.03260.003 [mg C mg Chl
21
h
21 mmol
21 m
2 s
1] and 2.560.22 [mg C mg Chl
21 h
21]
respectively. Photosynthetic rate was saturated around
150 mmol m
22 s
21 (see Figure S1). Comparison of intensity of
light that stimulated NPQ (150 mmol m
22 s
21 and higher) with
intensity of light that induced maximal photosynthetic rate (see
Figure S1) indicates that stimulation of NPQ occurs as a feedback
reaction after saturation of the Calvin-Benson cycle. In summary
the mechanism of NPQ in R. salina is fast and is activated at light
intensities exceeding the maximal photosynthetic rate.
Non-photochemical quenching in R. salina is ap H
dependent process
In plants the NPQ is triggered by low lumenal pH [4], therefore
we hypothesised that activation of NPQ in R. salina proceeds by a
similar mechanism. Accordingly we found the observed stimula-
tion of NPQ is inhibited by uncouplers that collapse the trans-
thylakoid DpH (Figure 3A). NH4Cl proved to minimally affect the
maximal photochemistry of PSII and inhibit NPQ quenching with
greater potency than nigericin (Figure 3A). The effect of NH4Cl
was even more pronounced in combination with nonactin;
catalyzing the Dy driven transthylakoid transport of monovalent
potassium or sodium ions from lumen to stroma. We found 5 mM
NH4Cl in combination with 2.5 mM nonactin inhibits NPQ better
than 50 mM NH4Cl alone (data not shown). In all cases the
addition of uncouplers caused total inhibition of reversible part of
NPQ (FM9) observed during actinic light (Figure 3A). These data
demonstrate a clear correlation between the activation of NPQ
and lumen acidification in R. salina.
To explore how functional components of photosynthetic
apparatus contribute to lumen acidification we used inhibitors to
block electron flow at specific sites of the electron transport chain.
Inhibition of PSII by DCMU (3-(3,4-dichlorophenyl)-1,1-dimethy-
lurea) abolished the FM9 quenching demonstrating the dependency
of NPQ on lumen acidification is related to PSII activity
(Figure 3B). On the other hand, two inhibitors of cyclic electron
transport around PSI, antimycin A which inhibits ferredoxin
dependent cyclic electron flow and rotenone which inhibits
NAD(P)H dependent cyclic electron transport, only partly affected
NPQ of maximal fluorescence (Figure 3B). Nonetheless NAD(P)H
dependent cyclic electron transport appears to be important for
the fast recovery of fluorescence in the dark, apparent from the
slower reversibility of maximal fluorescence in the dark in the
presence of rotenone (Figure 3B).
Xanthophyll cycle is not involved in NPQ in R. salina
We have explored possible changes in pigment composition
following the long-term light stress to ascertain if R. salina is able
to transform xanthophylls under excessive irradiation. Our data
show no detectable changes in carotenoid composition after
irradiation (Table 1). We have found higher relative content of
alloxanthin and chlorophyll c in CAC antennae in comparison to
intact cells (Table 1) that show the preferential incorporation of
alloxanthin and chlorophyll c into CAC antennae. We could not
detect any carotenoids involved in light-induced xanthophyll
cycle (e.g., zeaxanthin, diatoxanthin) in R. salina cells (Table 1).
This is in strict contrast to higher plants and diatoms where the
violaxanthin or diadinoxanthin cycle is activated by high light
[29,51]. In R. salina we did not detect even trace amounts of
zeaxanthin. Based on these data we conclude that the
xanthophyll cycle is not involved in NPQ in R. salina,i nl i n e
with the recently published results obtained with other crypto-
phyte alga, Guillardia theta [45].
Figure 2. Light dependence of NPQ and the efficiency of PSII (Genty parameter) in R. salina. Fresh sample was used for each measurement
and values were recorded always after 40 s of irradiation by orange light (622 nm). Data represent average and standard deviation for n=3.
doi:10.1371/journal.pone.0029700.g002
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PLoS ONE | www.plosone.org 4 January 2012 | Volume 7 | Issue 1 | e29700Figure 3. Effect of various inhibitors on NPQ in R. salina. Cells were dark adapted for 20 minutes and then the NPQ was induced by 100 s
exposure to orange light (622 nm, 600 mmol m
22 s
21; see white bar). A) Effect of DpH uncouplers nigericin and NH4Cl. The maximal efficiency of PSII
photochemistry (FV/FM) in the presence of uncouplers was 0.75 for control, 0.62 for nigericin and 0.68 for NH4Cl. B) Effect of inhibitors of linear and
cyclic electron transport DCMU, antimycin and rotenone. All data represent typical curves aligned to the same Fo level.
doi:10.1371/journal.pone.0029700.g003
Table 1. Relative pigment content in intact cells of R. salina and in their chlorophyll a/c2 antennae (CAC antennae).
Chl c2/Chl a Allox./Chl a Monad./Chl a Croco./Chl a a-Car/Chla
Cells - Dark 0.5560.03 0.7460.06 0.1660.02 0.1560.01 0.1860.02
Cells - Light 0.5460.06 0.7960.09 0.1860.02 0.1460.02 0.1960.01
CAC antennae 1.2460.06 1.2360.09 0.2160.01 0.1760.01 0.0360.01
Intact cells were adapted either to dark (‘‘Cells – dark’’) or exposed to intense irradiation (1500 mmol m
22 s
21) for 1 hour (‘‘Cells – light’’). CAC antennae were isolated by
sucrose gradient and fraction 1 was used for analysis (see Figure 5A). Carotenoids were extracted to methanol and separated by HPLC. Note, that data represent a peak
area of particular pigments relative to chlorophyll a. The total carotenoid and Chl a level was not changed significantly after high light stress.
doi:10.1371/journal.pone.0029700.t001
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antennae
As discussed earlier the fluorescence of chlorophyll a in R. salina
is efficiently quenched by NPQ. However, aside from of
chlorophyll a/c antennae cryptophytes also have phycobiliproteins
firmly embedded in the lumenal space [34]. NPQ operating in
phycobilisomes on the stromla side of thylakoid was recently
reported in cyanobacteria (for review see [52]). To explore the
possibility that phycoerythrin emission is quenched also in R. salina
we employed the recent method of spectrally resolved fluorescence
induction [47] to measure spectrally resolved NPQ in a similar
way as described recently for higher plants [53]. This enabled us to
measure the quenching of maximal fluorescence (FM9) simulta-
neously for several chromophores. At room temperature, two main
maxima of fluorescence emission spectra can be observed in R.
salina: the emission bands of phycoerythrin at 588 nm and
chlorophyll at 685 nm (Figure 4A). We compared spectra of
maximal florescence of the same sample; first when adapted to
Figure 4. Fluorescence emission spectra (Panel A) and spectral dependence of NPQ (Panel B) of R. salina cells. All curves were measured
using green light (520 nm, 500 mmol m
22 s
21) absorbed by phycoerythrin or blue light (465 nm, 1100 mmol m
22 s
21) absorbed by chlorophyll a. A)
The black FM spectrum induced by saturating flash (200 ms, 1100 mmol m
22 s
21) shows the fluorescence emission spectra of dark adapted cells for
green light excitation at 520 nm; the grey FM9 spectrum induced by saturating flash (200 ms, 1100 mmol m
22 s
21) was recorded after 120 s of
continuous irradiation by green light. Similar measurements using blue light excitation at 465 nm are presented in the insert. B) Fluorescence
emission spectra described in A were used for calculation of spectral dependence of NPQ(l) based on Stern-Volmer formalism, green light excitation
at 520 nm – grey line, blue light excitation at 465 nm – black line. Data represent typical curves, characteristic maxima are marked.
doi:10.1371/journal.pone.0029700.g004
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(FM9 spectrum), which allowed us to calculate spectrally dependent
NPQ(l) (Figure 4B). This result demonstrated pronounced
quenching of chlorophyll a emissions above 640 nm but the
absence of quenching of phycoerythrin emissions at 588 nm.
Therefore only chlorophyll emission bands are effectively
quenched between 640 nm–770 nm (Figure 4B).
Using the spectrally resolved NPQ(l) we identified two main
spectral regions of chlorophyll a fluorescence quenching
(Figure 4B). When compared with the maximum of the PSII
emission at 685 nm these regions can be assigned as quenching of
the ‘‘blue’’ chlorophylls, with maxima between 660–685 nm, and
quenching of ‘‘red-shifted’’ chlorophylls, with broad peak with a
maxima at 744 nm. The numerical value of NPQ(l) for the ‘‘blue’’
chlorophyll was ,1.5, identical to the single wavelength
calculation of NPQ measured at 690 nm (Figure 2). The maxima
of NPQ(l) found at shorter wavelengths, 660 nm, 672 nm and
685 nm (Figure 4B), correspond to the fluorescence emission
maxims of chlorophyll a/c antennae and PSII of cryptophytes, as
discussed later.
NPQ in chlorophyll a/c antennae can be controlled by
protonation in vitro
To confirm NPQ is present in chlorophyll a/c antenna (CAC)
isolated from R. salina, we used sucrose density gradient
ultracentrifugation to purify native complexes from solubilised
membranes (Figure 5A; Figure S2). The upper dark-brown band
(Fraction 1) and the higher mass green band (Fraction 2) of the
sucrose gradient were analyzed by clear-native electrophoresis
(CN-PAGE). In fraction 1 we resolved only one chlorophyll-
protein complex (see Figure S3) and, as described later, this band
was identified using 2D electrophoresis as ‘free’ CAC antennae
oligomer not associated with photosystems (CAC[c] complex,
Figure 6). Using the same approach, two green bands with higher
mass (Fraction 2) were identified as CAC proteins in super-
complexes with photosystems (data not shown). Association of
CAC antennae with photosystems in fractions 2 was further
verified using absorption spectra with visible chlorophyll c
absorption at 461 nm (Figure S4). The ability of isolated CAC
proteins in both fractions to quench light energy was analysed in
vitro using chlorophyll fluorescence (Figure 5B). First the sample
was 106 diluted in a detergent free Hepes buffer (pH 8.0) to
decrease the concentration of dodecyl b-maltoside to 8 mM. After
sample dilution chlorophyll a fluorescence was significantly
decreased; it should be noted this is always seen in the chlorophyll
a/b antennae of higher plants [20]. The sample pH was then
lowered to 5.5 causing further decrease in chlorophyll fluorescence
(Figure 5B). Importantly, the second decrease was found to be
reversible upon addition of N,N9-dicyclohexyl-carbodiimide
(DCCD); a compound that specifically blocks the binding of
protons to residues at light-harvesting antennae inhibiting qE in
the thylakoid membrane [21]. Similar quenching was also
observed in supercomplexs of CAC antennae with photosystems
(Fraction 2), although there was a slower decrease in chlorophyll
fluorescence after decrease in dodecyl b-maltoside concentration
(Figure 5A). These results confirm NPQ occurs in the CAC
antennae oligomers (‘free’ or associated with photosystems) in a
process that can be controlled by their protonation.
Oligomeric chlorophyll a/c antennae in R. salina form
high-mass supercomplexes with PSII
To identify the chlorophyll-protein(s) responsible for NPQ in R.
salina we used clear-native electrophoresis (CN-PAGE) to separate
solubilised membranes and obtain individual protein complexes
(Figure 6A). The composition of the resulting protein complexes
was resolved on a second dimension; denaturing SDS-PAGE.
Based on protein pattern, mobility, relative molecular masses
(Figure 6A) and chlorophyll fluorescence (not shown), we identified
Figure 5. Fluorescence quenching in isolated CAC antennae. A) CAC proteins in a native state were isolated by ultracentrifugation in a
sucrose gradient as a ‘free’ antennae (Fr. 1) or in a supercomplex with PSII (Fr. 2). See also Figures S2 and S4 for the complete figure of gradient and
the spectroscopic analysis. B) Protein samples were diluted 10-fold to decrease concentration of dodecyl-b-maltoside – sample addition to buffer
(20 mM HEPES, pH 8.0) is visible as chlorophyll fluorescence appearance (arrow ‘Sample’) that slowly decrease. After 70 s of incubation the pH in the
sample was lowered from 8.0 to 5.5 (see arrow pH=5.5) causing a fluorescence quenching. Reversibility of quenching has been confirmed by
addition of 200 mM DCCD.
doi:10.1371/journal.pone.0029700.g005
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PSI [1] and PSII [1] in Figure 6). We also found several high-mass
supercomplexes of both PSI and PSII associated with antennae
(PSIsc. and PSIIsc.). The most prominent pigment-protein
complex separated by CN-PAGE was a chlorophyll a/c antenna
oligomer with mass ,150 kDa (CAC[c]; Figure 6) that appears to
be composed from two different antenna proteins. The migration
pattern on 2D electrophoresis has indicated this antenna complex
could associate with PSII and that this association is preserved in
two PSII supercomplexes detectable by CN-PAGE. Moreover, we
identified a second antenna protein, CAC[1] that has a lower mass
than both detectable proteins in the CAC[c] (Figure 6A).
However, it should be noted that the total level of the CAC1
antenna is much lower in comparison to the number of proteins in
the CAC[c] complex; thus the contribution of this antenna to the
total chlorophyll quenching is negligible (Figure 6A).
All pigment-containing complexes were excised from the CN-
gel and characterized by spectroscopic methods; the results
obtained for PSII supercomplex (Band I, Figure 6), PSI super-
complex (Band II) and CAC[c] complex (Band III) are described
in detail. The typical chlorophyll a absorption at 434 nm is visible
in all three bands to a similar extent (Figure 6B). The characteristic
peak of chlorophyll c absorption at 461 nm is most evident in the
CAC[c] complex (Band III), but also slightly visible in PSII (Band
I, Figure 6), PSI (Band II) supercomplexes demonstrating that both
PSI and PSII are associated with CAC antennae; consistently with
the identification of CAC in PSI/PSII supercomplexes by CN/
SDS-PAGE. It should be noted that the PSI complexes had a very
low quantum yield of fluorescence (data not shown) suggesting that
characterized bands were not contaminated with ‘free’ chloro-
phyll. Additionally we observed no significant phycoerythrin
absorption (,545 nm; Figure 6B).
In comparison to PSI and PSII supercomplexes, the CAC[c]
oligomer (Band III) exhibited a relatively high absorbance for
chlorophyll c together with a high ratio of absorbance maxima at
461 nm and 434 nm. This indicates relatively high levels of
chlorophyll c in the CAC antennae of R. salina. This was also
confirmed by HPLC analysis of intact CAC antennae (see Table 1)
that were enriched in chlorophyll c and alloxanthin relative to
intact cells. As expected, the chlorophyll a in CAC antennae (band
III) and in the PSII supercomplex (band I) have identical red
absorption maxima (674 nm; Figure 6B); in contrast the PSI
super-complex absorption maxima (band II) was red-shifted to
678 nm (Figure 6B).
In order to confirm that the CAC antennae of PSII represent the
main locus of NPQ in vivo we performed room temperature
fluorescence emission spectra on the CAC[c] complex (Band III;
Figure 6C). This spectrum was compared to the in vivo spectrum of
NPQ measured using whole cells (Figure 4). The CAC[c] emission
has a maximumat 681 nmand a vibrational satelliteat 741 nm.We
therefore conclude the chlorophyll fluorescence that is quenched in
vivo between 660–685 nm (Figure 5) originates from chlorophyll
molecules located in the CAC antennae of PSII (Figure 6).
Discussion
Cryptophyte algae represent a unique evolutionary link between
red algae, which lack chlorophyll c but contain phycobilisomes,
Figure 6. The 2D eletrophoresis of membrane protein complexes of R. salina and spectral characteristic of isolated bands. A)
Membrane proteins were solubilised by dodecyl-b-maltoside and separated in a first dimension by clear-native electrophoresis (CN-PAGE). The
protein complexes resolved on the CN-PAGE were further separated in the second dimension by denaturing gel (SDS-PAGE) and stained by
Coomassie Blue. Position of protein complexes separated by CN-PAGE are marked as follows: CAC[1] – CAC monomers; CAC[c] – CAC oligomer; PSI[1]
and PSII[1] - PSI and PSII monomers; PSI sc. and PSII sc. – supercomplexes of PSI and PSII. Proteins further resolved by SDS-PAGE are marked: CP47,
CP43, D1, D2 - PSII core subunits; PsbA/B - PSI core subunits; CAC –chlorophyll a/c antenna. B) Absorbance spectra of Band I, II and III separated by
CN-PAGE; positions of all three bands at the CN-PAGE are marked. C) Fluorescence emission spectra of the Band III (CAC oligomer) after excitation at
435 nm; positions of particular maxima are highlighted.
doi:10.1371/journal.pone.0029700.g006
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phycobiliproteins. Using R. salina as a model organism, we have
demonstrated efficient NPQ (Figure 1) operates in cryptophytes
and that the regulation of this NPQ is distinct from both red algae
and diatoms. First, in strict contrast to the crucial role of the
xanthophyll cycle in diatoms [17], cryptophytes have no photo-
protective de-epoxidation/epoxidation cycling of xanthophyll
pigments (Table 1) in line with previous results [45]. Second, we
have identified specific chlorophyll a/c antennae of PSII as the site
of NPQ in R. salina (Figures 4,5 and 6). Since in red algae
chlorophyll a/c antennae of photosystem II are missing [36] and a
dominant NPQ occurs rather in the reaction centres [42,43], the
cryptophytes operate new and evolutionary distinct type of NPQ.
Fast kinetics of NPQ in cryptophytes implies that it represents
so-called energetic type of quenching (qE; Figure 1). This type of
NPQ is already well described for higher plants [54] and is
characterised by its rapid stimulation on exposure to actinic light
(in tens of seconds) and fast relaxation in dark. The immediate
response to changes in irradiation is due to the DpH dependency
of qE, as the DpH across the thylakoid membrane is rapidly
formed in the light and quickly dissipated in dark [8]. The NPQ
dependency on lumen acidification has been also demonstrated in
diatoms. However, there the low lumenal pH is crucial rather for
triggering of the fast diadinoxanthin to diatoxanthin de-
epoxidation [51] and lumen acidification alone is not sufficient
to induce NPQ [17]. As R. salina has no light-induced
xanthophyll cycle (Table 1) lumen acidification must play a
critical role in NPQ induction (see Figure 3A). Therefore NPQ in
cryptophytes is closely related to the qE observed in higher plants,
rather than the slowly reversible qI observed in diatoms [26].
Additionally, periods of prolonged excessive irradiation therefore
causes photoinhibitory damage of PSII in cryptophytes (data not
shown) and does not involve an increase in the diatoxanthin pool
as seen in diatoms [51].
Lumen acidification in cryptophytes appears to play a direct
role in switching antennae to a quenched state by reversibly
protonating CAC proteins (Figure 5). The importance of
protonation for induction of NPQ has been demonstrated several
times in higher plants using isolated light-harvesting antennae
[20,21,55]. This is due to DCCD binding to carboxy amino
residues located in the hydrophobic domains of light harvesting
antenna that can reverse acid-induced fluorescence quenching
[21]. We have performed a similar experimental procedure [55]
with isolated CAC antennae, to demonstrate that the quenching
of their variable chlorophyll fluorescence is pH dependent
(Figure 5B). Moreover, we found the effect of low pH is
reversible by using DCCD to deprotonate residues on the CAC
proteins (Figure 5B), as described for light-harvesting antennae
from higher plants [55]. However, the reversible part of
fluorescence quenching from Fraction I (CAC proteins) and
Fraction II (CAC complexes with photosystems) is small in
comparison to results obtained for LHC proteins of higher plants
[21,56]. There are several possible explanations: the limited
number of protonable residues in CAC, the necessity of some
other factors than low pH for maximal quenching (e.g. Ca
2+
binding to antennae [57]) or higher importance of aggregation of
CAC proteins in quenching (note the relatively pronounced
decrease in fluorescence before lowering pH). On the other hand,
our approach confirmed an inhibitory effect of DCCD on NPQ
in vitro (Figure 5) and also in vivo (Table 2), which suggests
presence of pH sensing mechanisms in cryptophytes CAC
antennae similarly to higher plants LHCs [21]. These results
are in contrast with the situation in diatoms, where the DCCD
treatment stimulates NPQ, that has resulted in speculation that
the FCP proteins of diatoms may not have protonable residues
[17]. The CAC proteins thus appear to be the first example of
chromalveolate antennae where the protonable residues play a
role in NPQ stimulation.
Our results suggest that lumen acidification is sufficient for the
formation of relatively high NPQ (around 1.5) in cryptophytes,
disposing of the necessity for xanthophyll de-epoxidation
(Table 1). This is in contrast to green algae, in which NPQ
was found to be rather weak (below 1) in a case of low
violaxanthin de-epoxidation to zeaxanthin [58]. Therefore, it has
been concluded that zeaxanthin is necessary for stimulation of
higher NPQ values in green algae [59,60]. In higher plants, the
occasional absence of zeaxanthin can be overcome by PsbS
protein that can stimulate NPQ to relatively high values (to
about 1.5) even in Arabidopsis mutant without zeaxanthin [61].
PsbS protein is also required for the rapid stimulation of higher
plants NPQ; its absence results in slower and less flexible NPQ,
where it takes over an hour for NPQ to reach its maximal value
[10]. Presently it is not known if, like higher plants, R. salina has a
protonable PsbS-like protein. However, the rapid NPQ found in
cryptophytes can result from either fast protonation of CAC
antenna (see Figure 5) or higher lumen acidification. It is
important to note that NPQ in R. salina is activated (see Figure 2)
only after saturation of the Calvin-Benson cycle (above
,150 mmol m
22 s
21, see Figure S1), which causes limited
ADP regeneration [62]. In contrast the PsbS protein stimulates
NPQ at all light intensities, even when Calvin-Benson cycle is
not saturated. Therefore the action of only one mechanism, such
as lumen acidification resulting from Calvin-Benson cycle
saturation, would explain the observed light dependency of
NPQ in cryptophytes; therefore rendering the presence of PsbS
unnecessary.
Using spectroscopic and biochemical approaches, we localized
the NPQ in R. salina to the CAC[c] oligomer, likely in vivo
associated with PSII. First, we used spectrally resolved fluores-
cence induction [47] to calculate the in vivo spectral dependency of
NPQ(l) (Figure 4). These results exclude quenching of phycoer-
ythrin fluorescence, as judging by the light-induced changes in
chlorophyll emission spectra above 640 nm (Figure 4), all
dissipation occurs in the chlorophyll antenna. Accordingly light
absorbed by lumenal phycoerythrins is efficiently transferred to
CACs, which is in line with observation that R. salina
phycoerythrins form a very efficient light-harvesting system
[63,64]. Second, we isolated CAC[c] complexes to demonstrate
that the two features of in vivo NPQ, pH dependency and fast
reversibility, are detectable in vitro (Figure 5). In combination, our
results lead to conclusion that NPQ in R. salina mainly operates in
the CAC antennae of cryptophytes.
As the chlorophyll a/c antenna oligomer CAC[c] with
molecular mass ,150 kDa, has been suggested as a main NPQ
locus (see previous paragraph), we analysed the organization of
Table 2. Effect of different DCCD (N,N9-dicyclohexyl-
carbodiimide) concentrations on the maximal efficiency of
PSII photochemistry (FV/FM) and on NPQ.
0 mM2 mM5 mM1 0 mM
NPQ 1.17 0.64 0.74 0.37
FV/FM 0.75 0.71 0.73 0.65
FV/FM values were calculated for dark adapted sample, NPQ was detected after
120 s irradiation by orange light (620 nm, 600 mmol m
22 s
21).
doi:10.1371/journal.pone.0029700.t002
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(Figure 6A). This antennae complex that dissociated during native
eletrophoresis from photosystems (mostly from PSII super-
complexes), is composed of at least two different CAC proteins
(Figure 6A) consistent with previous observations [65,66].
Furthermore, our data show the absorption pattern of the CAC
complex mirrors previous results from Choomomas sp. [67] and
Cryptomonas maculata [68]. Additionally, we anticipate the CAC[c]-
PSII super-complex could be homologous to Rhodomonas CS24,a
cryptophyte alga, PSII super-complexes [69]. Using single particle
analysis, these authors have shown Rhodomonas CS24 PSII super-
complexes are composed of four monomeric CAC proteins bound
to one side of the PSII core dimer [69].
The oligomeric organization of antennae complexes in crypto-
phytes could affect properties of NPQ. For instance, in higher
plants antennae trimers and minor light-harvesting antennae have
been suggested to act as two different NPQ loci [53,70]. A two-site
quenching mechanism has been also suggested for diatoms [19],
where a trimer of fucoxanthin-chlorophyll proteins represents
typical antennae protein organization [71]. However, observations
on the organization of CAC proteins in PSII supercomplexes of
cryptophytes [69] suggest that CAC trimers are absent in
cryptophytes, removing the possibility of a second NPQ loci.
Based on these data, we speculate NPQ in R. salina resembles the
quenching found in the minor chlorophyll a/b antennae CP24
and CP26 of higher plants [70].
It would be very interesting to compare the NPQ that we
described here with the NPQ in red algae, as the LhcR antennae
of red algae are the closest relatives to CAC antennae of
cryptophytes [36]. Since the NPQ in red algae showed several
similarity with NPQ in cryptophytes (e.g. pH-dependency
[42,43], low importance of xanthophylls cycle [72,73,74]), it
indicates that also the NPQ mechanisms seems to be evolutionary
related. Here we have demonstrated that NPQ cryptophytes
represents a novel class of effective NPQ that proceeds on a level
of chlorophyll a/c antennae (CAC) and not in phycobiliproteins
and its important properties differ significantly from NPQ
described in diatoms and in higher plants. For example, the
typical carotenoid quenchers found in higher plants (lutein and
zeaxanthin) or in diatoms (diatoxanthin) are absent in crypto-
phytes. The observed absence of NPQ in phycobiliproteins means
that periods of excessive irradiation absorbed by phycobilipro-
teins have to be ‘managed’ by its rapid transfer to CAC antennae
for a safe dissipation. Thus, the cryptophytes, and in particular R.
salina, represents a new model organism for the study of
photoprotection and NPQ, which is going to be facilitated by
the imminent completion genome sequence for a cryptophytes
representative.
Supporting Information
Figure S1 Light response curve of photosynthetic rate (Pg)i nR.
salina measured from
14C incorporation rate. The typical data set
(circles) is shown, line is a fit of experimental data by hyperbolic
tangent. The average values calculated from the fit were: maximal
efficiency of photosynthesis 0.03260.003 [mg C mg Chl
21
h
21 mmol
21 m
2 s
1]; photosynthetic capacity 2.560.22 [mg C
mg Chl
21 h
21].
(TIF)
Figure S2 R. salina thylakoids solubilised with dodecyl-b-malto-
side and separated by centrifugation on a sucrose gradient.
Positions of particular bands used for in vitro measurements of
fluorescence (Figure 5) and for the detection of absorbance (Figure
S4) are marked.
(TIF)
Figure S3 Clear-native electrophoresis of fraction I isolated from
sucrose gradient (Figure S2). Fraction I was separated by 4–12%
gradient polyacrylamide gel as described in material and methods.
Resulting gel was scanned in true colours by Canon CanoScan
8800F scanner (colour) and in high-resolution gray scale mode
(DIA) using LAS 4000 (Fujifilm Life Science, USA). Finally,
chlorophyll fluorescence was detected using LAS 4000 with
460 nm excitation wavelength and 670 nm long pass filter.
(TIF)
Figure S4 Absorbance spectra of protein fractions containing
CAC antennae isolated on a sucrose gradient. See text for details.
(TIF)
Acknowledgments
We thank Schola Ludus students Anna Krejc ˇı ´ and Petr Jira ´sko for
preliminary measurements and Sarah Hollingshead for reading the
manuscript.
Author Contributions
Conceived and designed the experiments: RK EK RS OP. Performed the
experiments: RK EK RS. Analyzed the data: RK EK RS. Contributed
reagents/materials/analysis tools: RK EK RS. Wrote the paper: RK EK
RS OP.
References
1. Asada K (2006) Production and scavenging of reactive oxygen species in
chloroplasts and their functions. Plant Physiology 141: 391–396.
2. Li ZR, Wakao S, Fischer BB, Niyogi KK (2009) Sensing and Responding to
Excess Light. Annual Review of Plant Biology 60: 239–260.
3. Horton P, Ruban A (2005) Molecular design of the photosystem II light-
harvesting antenna: photosynthesis and photoprotection. Journal of Experimen-
tal Botany 56: 365–373.
4. Horton P, Johnson MP, Perez-Bueno ML, Kiss AZ, Ruban AV (2008)
Photosynthetic acclimation: Does the dynamic structure and macro-organisation
of photosystem II in higher plant grana membranes regulate light harvesting
states? Febs Journal 275: 1069–1079.
5. Muller P, Li XP, Niyogi KK (2001) Non-photochemical quenching. A response
to excess light energy. Plant Physiology 125: 1558–1566.
6. Kan ˇa R, Vass I (2008) Thermoimaging as a tool for studying light-induced
heating of leaves Correlation of heat dissipation with the efficiency of
photosystem II photochemistry and non-photochemical quenching. Environ-
mental and Experimental Botany 64: 90–96.
7. Horton P, Wentworth M, Ruban A (2005) Control of the light harvesting
function of chloroplast membranes: The LHCII-aggregation model for non-
photochemical quenching. Febs Letters 579: 4201–4206.
8. Ruban AV, Horton P (1999) The xanthophyll cycle modulates the kinetics of
nonphotochemical energy dissipation in isolated light-harvesting complexes,
intact chloroplasts, and leaves of spinach. Plant Physiology 119: 531–542.
9. Li XP, Gilmore AM, Caffarri S, Bassi R, Golan T, et al. (2004) Regulation of
photosynthetic light harvesting involves intrathylakoid lumen pH sensing by the
PsbS protein. Journal of Biological Chemistry 279: 22866–22874.
10. Johnson MP, Ruban AV (2010) Arabidopsis plants lacking PsbS protein possess
photoprotective energy dissipation. Plant Journal 61: 283–289.
11. Ruban AV, Berera R, Ilioaia C, van Stokkum IHM, Kennis JTM, et al. (2007)
Identification of a mechanism of photoprotective energy dissipation in higher
plants. Nature 450: 575–U522.
12. Ahn TK, Avenson TJ, Ballottari M, Cheng YC, Niyogi KK, et al. (2008)
Architecture of a charge-transfer state regulating light harvesting in a plant
antenna protein. Science 320: 794–797.
Nonphotochemical Quenching in Cryptophytes
PLoS ONE | www.plosone.org 10 January 2012 | Volume 7 | Issue 1 | e2970013. Pascal AA, Liu ZF, Broess K, van Oort B, van Amerongen H, et al. (2005)
Molecular basis of photoprotection and control of photosynthetic light-
harvesting. Nature 436: 134–137.
14. Bode S, Quentmeier CC, Liao PN, Hafi N, Barros T, et al. (2009) On the
regulation of photosynthesis by excitonic interactions between carotenoids and
chlorophylls. Proceedings of the National Academy of Sciences of the United
States of America 106: 12311–12316.
15. Jahns P, Holzwarth AR (2011) The role of the xanthophyll cycle and of lutein in
photoprotection of photosystem II. Biochimica et Biophysica Acta (BBA) -
Bioenergetics In Press, Corrected Proof.
16. Ruban AV, Horton P (1995) An investigation of the sustained component of
nonphotochemical quenching of chlorophyll fluorescence in isolated-chloroplasts
and leaves of spinach. Plant Physiology 108: 721–726.
17. Lavaud J, Rousseau B, Etienne AL (2002) In diatoms, a transthylakoid proton
gradient alone is not sufficient to induce a non-photochemical fluorescence
quenching. Febs Letters 523: 163–166.
18. Gundermann K, Buchel C (2008) The fluorescence yield of the trimeric
fucoxanthin-chlorophyll-protein FCPa in the diatom Cyclotella meneghiniana is
dependent on the amount of bound diatoxanthin. Photosynthesis Research 95:
229–235.
19. Miloslavina Y, Grouneva I, Lambrev PH, Lepetit B, Goss R, et al. (2009)
Ultrafast fluorescence study on the location and mechanism of non-
photochemical quenching in diatoms. Biochimica Et Biophysica Acta-Bioener-
getics 1787: 1189–1197.
20. Ruban AV, Young A, Horton P (1994) Modulation of chlorophyll fluorescence
quenching in isolated light-harvesting complex of photosystem-II. Biochimica Et
Biophysica Acta-Bioenergetics 1186: 123–127.
21. Walters RG, Ruban AV, Horton P (1996) Identification of proton-active
residues in a higher plant light-harvesting complex. Proceedings of the National
Academy of Sciences of the United States of America 93: 14204–14209.
22. Lavaud J, Kroth PG (2006) In diatoms, the transthylakoid proton gradient
regulates the photoprotective non-photochemical fluorescence quenching
beyond its control on the xanthophyll cycle. Plant and Cell Physiology 47:
1010–1016.
23. Armbrust EV, Berges JA, Bowler C, Green BR, Martinez D, et al. (2004) The
genome of the diatom Thalassiosira pseudonana: Ecology, evolution, and
metabolism. Science 306: 79–86.
24. Bonente G, Passarini F, Cazzaniga S, Mancone C, Buia MC, et al. (2008) The
Occurrence of the psbS Gene Product in Chlamydomonas reinhardtii and in
Other Photosynthetic Organisms and Its Correlation with Energy Quenching.
Photochemistry and Photobiology 84: 1359–1370.
25. Peers G, Truong TB, Ostendorf E, Busch A, Elrad D, et al. (2009) An ancient
light-harvesting protein is critical for the regulation of algal photosynthesis.
Nature 462: 518–U215.
26. Zhu SH, Green BR (2010) Photoprotection in the diatom Thalassiosira
pseudonana: Role of LI818-like proteins in response to high light stress.
Biochimica Et Biophysica Acta-Bioenergetics 1797: 1449–1457.
27. Bailleul B, Rogato A, de Martino A, Coesel S, Cardol P, et al. (2010) An atypical
member of the light-harvesting complex stress-related protein family modulates
diatom responses to light. Proceedings of the National Academy of Sciences of
the United States of America 107: 18214–18219.
28. Finazzi G, Johnson GN, Dall’Osto L, Zito F, Bonente G, et al. (2006)
Nonphotochemical quenching of chlorophyll fluorescence in Chlamydomonas
reinhardtii. Biochemistry 45: 1490–1498.
29. Jahns P, Latowski D, Strzalka K (2009) Mechanism and regulation of the
violaxanthin cycle: The role of antenna proteins and membrane lipids.
Biochimica Et Biophysica Acta-Bioenergetics 1787: 3–14.
30. Goss R, Pinto EA, Wilhelm C, Richter M (2006) The importance of a highly
active and Delta pH-regulated diatoxanthin epoxidase for the regulation of the
PSII antenna function in diadinoxanthin cycle containing algae. Journal of Plant
Physiology 163: 1008–1021.
31. Kirilovsky D, Wilson A (2007) A new photoactive protein acting as a sensor of
light intensity: the Orange Carotenoid Protein (OCP). Photosynthesis Research
91: PS2232.
32. MacPherson AN, Hiller RG (2003) Algae with chlorophyll c in: Light-harvesting
Antennae in Photosynthesis. In: Green BR, Parson WW, eds. Light-Harvesting
Antennas in Photosynthesis. Dordrecht: Kluwer Academic Publishers.
33. Douglas SE, Murphy CA, Spencer DF, Gray MW (1991) Cryptomonad algae
are evolutionary chimeras of 2 phylogenetically distinct unicellular eukaryotes.
Nature 350: 148–151.
34. Kan ˇaR ,P r a ´s ˇil O, Mullineaux CW (2009) Immobility of phycobilins in the
thylakoid lumen of a cryptophyte suggests that protein diffusion in the lumen is
very restricted. Febs Letters 583: 670–674.
35. Durnford DG, Deane JA, Tan S, McFadden GI, Gantt E, et al. (1999) A
phylogenetic assessment of the eukaryotic light-harvesting antenna proteins, with
implications for plastid evolution. Journal of Molecular Evolution 48: 59–68.
36. Neilson JAD, Durnford DG (2010) Structural and functional diversification of
the light-harvesting complexes in photosynthetic eukaryotes. Photosynthesis
Research 106: 57–71.
37. Green BR (2011) After the primary endosymbiosis: an update on the
chromalveolate hypothesis and the origins of algae with Chl c. Photosynthesis
Research 107: 103–115.
38. Grouneva I, Jakob T, Wilhelm C, Goss R (2009) The regulation of xanthophyll
cycle activity and of non-photochemical fluorescence quenching by two
alternative electron flows in the diatoms Phaeodactylum tricornutum and
Cyclotella meneghiniana. Biochimica Et Biophysica Acta-Bioenergetics 1787:
929–938.
39. Eisenstadt D, Ohad I, Keren N, Kaplan A (2008) Changes in the photosynthetic
reaction centre II in the diatom Phaeodactylum tricornutum result in non-
photochemical fluorescence quenching. Environmental Microbiology 10:
1997–2007.
40. Garcia-Mendoza E, Colombo-Pallotta MF (2007) The giant kelp Macrocystis
pyrifera presents a different nonphotochemical quenching control than higher
plants. New Phytologist 173: 526–536.
41. Kotabova ´E ,K a n ˇaR ,J a r e s ˇova ´J ,P r a ´s ˇil O (2011) Non-photochemical
fluorescence quenching in Chromera velia is enabled by fast violaxanthin de-
epoxidation. Febs Letters 585: 1941–1945.
42. Delphin E, Duval JC, Etienne AL, Kirilovsky D (1996) State transitions or Delta
pH-dependent quenching of photosystem II fluorescence in red algae.
Biochemistry 35: 9435–9445.
43. Delphin E, Duval JC, Etienne AL, Kirilovsky D (1998) Delta pH-dependent
photosystem II fluorescence quenching induced by saturating, multiturnover
pulses in red algae. Plant Physiology 118: 103–113.
44. Liu LN, Elmalk AT, Aartsma TJ, Thomas JC, Lamers GEM, et al. (2008) Light-
Induced Energetic Decoupling as a Mechanism for Phycobilisome-Related
Energy Dissipation in Red Algae: A Single Molecule Study. Plos One 3.
45. Funk C, Alami M, Tibiletti T, Green BR (2011) High light stress and the one-
helix LHC-like proteins of the cryptophyte Guillardia theta. Biochimica et
Biophysica Acta (BBA) - Bioenergetics 1807: 841–846.
46. Havelkova-Dous ˇova ´H ,P r a ´s ˇil O, Behrenfeld MJ (2004) Photoacclimation of
Dunaliella tertiolecta (Chlorophyceae) under fluctuating irradiance. Photo-
synthetica 42: 273–281.
47. Kan ˇaR ,P r a ´s ˇil O, Koma ´rek O, Papageorgiou GC, Govindjee (2009) Spectral
characteristic of fluorescence induction in a model cyanobacterium, Synecho-
coccus sp (PCC 7942). Biochimica Et Biophysica Acta-Bioenergetics 1787:
1170–1178.
48. Bruyant F, Babin M, Genty B, Prasil O, Behrenfeld MJ, et al. (2005) Diel
variations in the photosynthetic parameters of Prochlorococcus strain PCC
9511: Combined effects of light and cell cycle. Limnology and Oceanography
50: 850–863.
49. Wittig I, Karas M, Schagger H (2007) High resolution clear native
electrophoresis for In-gel functional assays and fluorescence studies of
membrane protein complexes. Molecular & Cellular Proteomics 6: 1215–1225.
50. Komenda J, Reisinger V, Muller BC, Dobakova M, Granvogl B, et al. (2004)
Accumulation of the D2 protein is a key regulatory step for assembly of the
photosystem II reaction center complex in Synechocystis PCC 6803. Journal of
Biological Chemistry 279: 48620–48629.
51. Lavaud J, Rousseau B, van Gorkom HJ, Etienne AL (2002) Influence of the
diadinoxanthin pool size on photoprotection in the marine planktonic diatom
Phaeodactylum tricornutum. Plant Physiology 129: 1398–1406.
52. Kirilovsky D (2007) Photoprotection in cyanobacteria: the orange carotenoid
protein (OCP)-related non-photochemical-quenching mechanism. Photosynthe-
sis Research 93: 7–16.
53. Lambrev PH, Nilkens M, Miloslavina Y, Jahns P, Holzwarth AR (2010) Kinetic
and Spectral Resolution of Multiple Nonphotochemical Quenching Compo-
nents in Arabidopsis Leaves. Plant Physiology 152: 1611–1624.
54. Horton P, Ruban AV, Walters RG (1996) Regulation of light harvesting in green
plants. Annual Review of Plant Physiology and Plant Molecular Biology 47:
655–684.
55. Ruban AV, Walters RG, Horton P (1992) The molecular mechanism of the
control of excitation-energy dissipation in chloroplast membranes - inhibition of
delta-ph-dependent quenching of chlorophyll fluorescence by dicyclohexylcar-
bodiimide. Febs Letters 309: 175–179.
56. Ruban AV, Young AJ, Horton P (1996) Dynamic properties of the minor
chlorophyll a/b binding proteins of photosystem II, an in vitro model for
photoprotective energy dissipation in the photosynthetic membrane of green
plants. Biochemistry 35: 674–678.
57. Jegerschold C, Rutherford AW, Mattioli TA, Crimi M, Bassi R (2000) Calcium
binding to the photosystem II subunit CP29. Journal of Biological Chemistry
275: 12781–12788.
58. Masojidek J, Torzillo G, Koblizek M, Kopecky J, Bernardini P, et al. (1999)
Photoadaptation of two members of the Chlorophyta (Scenedesmus and
Chlorella) in laboratory and outdoor cultures: changes in chlorophyll
fluorescence quenching and the xanthophyll cycle. Planta 209: 126–135.
59. Niyogi KK, Bjorkman O, Grossman AR (1997) The roles of specific
xanthophylls in photoprotection. Proceedings of the National Academy of
Sciences of the United States of America 94: 14162–14167.
60. Masojidek J, Kopecky J, Koblizek M, Torzillo G (2004) The xanthophyll cycle in
green algae (Chlorophyta): Its role in the photosynthetic apparatus. Plant
Biology 6: 342–349.
61. Crouchman S, Ruban A, Horton P (2006) PsbS enhances nonphotochemical
fluorescence quenching in the absence of zeaxanthin. Febs Letters 580:
2053–2058.
62. Cruz JA, Avenson TJ, Kanazawa A, Takizawa K, Edwards GE, et al. (2005)
Plasticity in light reactions of photosynthesis for energy production and
photoprotection. Journal of Experimental Botany 56: 395–406.
63. van der Weij-De W, Doust AB, van Stokkum IHM, Dekker JP, Wilk KE, et al.
(2006) How energy funnels from the phycoerythrin antenna complex to
Nonphotochemical Quenching in Cryptophytes
PLoS ONE | www.plosone.org 11 January 2012 | Volume 7 | Issue 1 | e29700photosystem I and photosystem II in cryptophyte Rhodomonas CS24 cells.
Journal of Physical Chemistry B 110: 25066–25073.
64. Collini E, Wong CY, Wilk KE, Curmi PMG, Brumer P, et al. (2010) Coherently
wired light-harvesting in photosynthetic marine algae at ambient temperature.
Nature 463: 644–U669.
65. Ingram K, Hiller RG (1983) Isolation and characterization of a major
chlorophyll-a/c2 light-harvesting protein from a chroomonas species (crypto-
phyceae). Biochimica Et Biophysica Acta 722: 310–319.
66. Lichtle C, Duval JC, Lemoine Y (1987) Comparative biochemical, functional
and ultrastructural studies of photosystem particles from a cryptophycea,
cryptomonas-rufescens - isolation of an active phycoerythrin particle. Biochimica
Et Biophysica Acta 894: 76–90.
67. Janssen J, Rhiel E (2008) Evidence of monomeric photosystem I complexes and
phosphorylation of chlorophyll a/c-binding polypeptides in Chroomonas sp
strain LT (Cryptophyceae). International Microbiology 11: 171–178.
68. Bathke L, Rhiel E, Krumbein WE, Marquardt J (1999) Biochemical and
immunochemical investigations on the light-harvesting system of the cryptophyte
Rhodomonas sp.: Evidence for a photosystem I specific antenna. Plant Biology
1: 516–523.
69. Kereiche S, Kouril R, Oostergetel GT, Fusetti F, Boekema EJ, et al. (2008)
Association of chlorophyll a/c(2) complexes to photosystem I and photosystem II
in the cryptophyte Rhodomonas CS24. Biochimica Et Biophysica Acta-
Bioenergetics 1777: 1122–1128.
70. Holzwarth AR, Miloslavina Y, Nilkens M, Jahns P (2009) Identification of two
quenching sites active in the regulation of photosynthetic light-harvesting studied
by time-resolved fluorescence. Chemical Physics Letters 483: 262–267.
71. Buchel C (2003) Fucoxanthin-chlorophyll proteins in diatoms: 18 and 19 kDa
subunits assemble into different oligomeric states. Biochemistry 42:
13027–13034.
72. Schubert H, Andersson M, Snoeijs P (2006) Relationship between photosyn-
thesis and non-photochemical quenching of chlorophyll fluorescence in two red
algae with different carotenoid compositions. Marine Biology 149: 1003–1013.
73. Esteban R, Martinez B, Fernandez-Marin B, Becerril JM, Garcia-Plazaola JI
(2009) Carotenoid composition in Rhodophyta: insights into xanthophyll
regulation in Corallina elongata. European Journal of Phycology 44: 221–230.
74. Andersson M, Schubert H, Pedersen M, Snoeijs P (2006) Different patterns of
carotenoid composition and photosynthesis acclimation in two tropical red
algae. Marine Biology 149: 653–665.
Nonphotochemical Quenching in Cryptophytes
PLoS ONE | www.plosone.org 12 January 2012 | Volume 7 | Issue 1 | e29700